omposites of chondrocytes and polymerised fibrin were supplemented with insulin-like growth factor-I (IGF-I) during the arthroscopic repair of full-thickness cartilage defects in a model of extensive loss of cartilage in horses. Repairs facilitated with IGF-I and chondrocyte-fibrin composites, or control defects treated with chondrocyte-fibrin composites alone, were compared before death by the clinical appearance and repeated analysis of synovial fluid, and at termination eight months after surgery by tissue morphology, collagen typing, and biochemical assays. The structure of cartilage was evaluated histologically by Toluidine Blue reaction and collagen type-I and type-II in situ hybridisation and immunohistochemistry. Repair tissue was biochemically evaluated by DNA assay, proteoglycan quantitation and characterisation, assessment of collagen by reverse-phase high-performance liquid chromatography, and collagen typing using cyanogen bromide digestion and peptide separation by polyacrylamide gel electrophoresis.
Injuries to articular cartilage are common in adults and may lead to the development of osteoarthritis because of the poor repair response of cartilage. [1] [2] [3] [4] Despite extensive research, a universally acceptable method for resurfacing of articular cartilage has not been reported. Many procedures for the transplantation of cartilage have been used in animal studies and human clinical trials with varying results. The advances in cartilage repair achieved by the use of osteochondral allografts and autografts, and periosteal and perichondrial transplantations alone or in conjunction with mesenchymal or chondrocyte transplantation, have been comprehensively reviewed. [5] [6] [7] More recently, the use of biological or synthetic tissue-engineered matrices for resurfacing of cartilage has received considerable attention. [8] [9] [10] [11] [12] [13] [14] [15] The application of in vitro amplified, cryopreserved chondrocytes in the constructs reduces or eliminates the need for a donor site, and malleable constructs can be applied arthroscopically, further improving patient acceptance. Biological matrices such as hyaluronan, collagen type-I and type-II sponges, alginate, agarose and fibrin have been used in vitro to study the metabolism of chondrocytes resulting in an extensive pool of knowledge regarding their function in these matrices. Additionally, the effects of growth factors on their metabolism have been investigated in many of these biological matrices. [15] [16] [17] [18] [19] [20] [21] It is likely that some of these products may also be used in vivo as carriers for various growth factors to enhance the repair response of the transplanted cells and the host chondrocytes surrounding the defect. Several growth factors are known to enhance the synthesis of cartilage matrix. [22] [23] [24] [25] [26] [27] In particular, insulin-like growth factor-I (IGF-I) has specific anabolic effects. [28] [29] [30] [31] [32] [33] The addition of IGF-I to explants of cartilage or to monolayer cultures of chondrocytes increased the synthesis of large aggregating proteoglycans and type-II collagen, while inhibiting the degradation and release of proteoglycans. In explant cultures, the addition of IGF-I to culture medium has also been shown to maintain the mechanical and electromechanical properties of the explant cartilage.
Depending on the culture medium, cell density, and conditions used in the experiment (explant, artificial threedimensional matrix, or monolayer), IGF-I may also stimulate DNA and the synthesis of type-II collagen. 28, [35] [36] [37] [38] The effects of IGF-I on chondrocyte metabolism and matrix synthesis have also been investigated in a three-dimensional fibrin culture system in which IGF-I maintained chondrocyte morphology and enhanced the phenotypic expression of large proteoglycans and type-II collagen, without stimulating the synthesis of type-I collagen or inducing dedifferentiation of chondrocytes to a fibroblastlike cell shape. 39, 40 In addition to the anabolic effects of IGF-I on normal articular cartilage, there is evidence that IGF-I is beneficial to injured cartilage. The degradation of matrix after exposure of cartilage to interleukin-1 and/or tumour necrosis factor ␣ can be partially alleviated or protected by treatment with IGF-I. 32, 41, 42 Based on these experiments in vitro, IGF-I was further evaluated before cartilage healing studies in vivo. Laboratory studies showed that IGF-I could be incorporated into fibrin during polymerisation from fibrinogen, and would subsequently elute at concentrations sufficient to enhance chondrocyte phenotypic expression (50 to 100 ng/ml) for 14 to 22 days. 39, 43 Fibrin has previously been reported to be an effective vehicle for the transfer of chondrocytes 44 and for the application of growth factors. 15 Fibrin-chondrocyte composites are injectable, arthroscopically applicable, cartilage graft materials. 44 Experimental studies using large articular defects showed that the technique resulted in improved cartilage repair tissue, characterised biochemically and histologically as hyaline-like, but not normal articular cartilage. Our aim in this experiment was to show that the addition of IGF-I to fibrin-chondrocyte composites grafted to large, full-thickness, articular cartilage defects further enhanced the quality of the resultant repair tissue.
Materials and Methods
This project was approved and performed according to the guidelines of the Institutional Animal Care and Use Committee. Chondrocyte isolation and graft preparation. Articular cartilage was taken from the patellofemoral joints of four horses, aged from four to eight months. Chondrocytes were isolated from the matrix by digestion in 0.075% w/v collagenase in medium, and cryopreserved as previously described. 45 The medium consisted of Harms's F-12 medium containing 50 g/ml of ascorbic acid, 30 g/ml of ␣-ketoglutaric acid, 300 g/ml of L-glutamine, 10% fetal calf serum, 100 units/ml of sodium penicillin, and 100 g/ ml of streptomycin sulphate (all from Gibco Life Technologies, Gaithersburg, Maryland). For each animal, isolated chondrocytes were thawed and cultured in monolayer for two days at 5.3 ϫ 10 5 cells/cm 2 . They were then trypsinised, separated into two aliquots of 20 ϫ 10 6 viable chondrocytes, centrifuged, and the cell pellets were resuspended in 1 ml of a sterile equine fibrinogen solution prepared as described below. We then added 25 g of IGF-I (human recombinant, splice variant IGF-1A; Genentech Inc, San Francisco, California) to one of the two suspensions of fibrinogen and cells. Fibrinogen was prepared by sodium acetate-ethanol precipitation 46 of pooled plasma from the same four horses used for the donation of chondrocytes. The fibrinogen was lyophilised, sterilised by gamma irradiation, and resuspended to 200 mg/ml in medium. This method of isolation of fibrinogen is temperature-(0°C) and pH (7.2)-controlled to provide reproducible precipitation of non-denatured fibrinogen. In addition, 2 ml of calcium-activated sterile equine thrombin (Sigma Chemical Co, St Louis, Missouri) were also prepared for polymerisation of fibrinogen during graft implantation. Operative procedure. We used eight adult horses ranging in age from three to five years and free from abnormalities of the femoropatellar joint. Antibiotics and a non-steroidal antiinflammatory agent were given before and after operation. The horses were anaesthetised, placed in dorsal recumbency, and the femoropatellar joints were prepared aseptically for arthroscopic surgery. Samples of synovial fluid were withdrawn, an arthroscope was inserted sequentially into both of the femoropatellar joints and the articulations were explored to rule out any pre-existing cartilage lesions. A guarded spade bit cutter 15 mm in diameter, premeasured to drill 3 mm deep, was introduced into the joints through a second portal and used to create a single cartilage defect in the mid-lateral trochlear ridge of each femur. This method removes all the superficial layers of articular cartilage and most of the calcified cartilage layer, but is not deep enough to excise all of the calcified cartilage in horses two to five years of age. Any remaining calcified cartilage, readily observable in the horse, was removed with a surgical curette to the level of subchondral bone. Two 1.2 mm polylactic acid copolymer tacks (Biofix minitack; Biosience Ltd, Finland) were inserted into the defect to serve as anchors for the fibrin graft. The fluid medium used for distension was replaced by sterile helium gas, and the subchondral bed of the cartilage lesion dried by inserting several lint-free sponges. The left or right leg was chosen at random to receive an IGF-I supplemented fibrin/ chondrocyte graft. The contralateral articular defect in the same horse received a fibrin/chondrocyte graft without IGF-I and served as the control. For each leg, the fibrinogen-cell slurry (±25 g of IGF-I) and thrombin were mixed on injection into the cartilage defect. The joints were irrigated with fluid to remove residual gas and the skin incisions were closed. After surgery, the horses were confined to a stall for six weeks and then allowed walking exercise for ten minutes daily, which increased each week. Samples of synovial fluid were withdrawn from both femoropatellar joints on days 4, 7, 14, 21 and 28 after surgery and when the animals were killed at eight months. The samples were analysed for cell morphology, total and differential white blood cell count, protein concentration by Coo-massie Blue spectrophotometric assay, and the hyaluronan content by Alcian Blue spectrophotometric assay. Retrieval of tissue. After the horses had been killed, the joints were opened and photographed. The gross appearance of the repair tissue was evaluated with the investigators unaware of the treatment group. A composite healing score was based on three variables (Table I) . A rectangular block comprising the central one-third of the repair tissue plus 3 to 5 mm of surrounding intact cartilage and underlying subchondral bone were removed with a bone saw and fixed in 4% paraformaldehyde for histological examination. The remaining repair tissue was removed from the site of the lesion. Cartilage was also removed from an area 1 cm away from the lesion (perilesional) and more than 2 cm away from this area (remote) for biochemical analysis. Samples of cartilage from each location were weighed, frozen and pulverised in a freezer mill to obtain homogenous samples. One-third of each sample was papaindigested for analysis of DNA and total glycosaminoglycan, and the remaining two-thirds were used for proteoglycan aggregation ability by agarose-acrylamide composite gel electrophoresis, collagen typing by cyanogen bromide digestion and polyacrylamide gel electrophoresis as well as determination of total collagen by reverse-phase high-performance liquid chromatography (rpHPLC). Histological examination. Cartilage and the underlying subchondral bone were decalcified in 10% EDTA, embedded in paraffin, and sectioned at 6 m. The sections were stained with haematoxylin and eosin to evaluate the morphology and with Toluidine Blue to assess the distribution of proteoglycans in the pericellular matrix. The synovial membrane and sections of decalcified cartilage-bone were evaluated by two investigators (LAF, AJN) each of whom was unaware of the treatment group (IGF-I or control). The synovial membrane was evaluated for three parameters, and the decalcified cartilage-bone sections for seven parameters (Tables II and III) . For each tissue type, total scores from the two investigators were averaged for statistical evaluation. In situ hybridisation. Sections were prepared for hybridisation to procollagen type I and type II using a modification of techniques described previously. 47 The generation and application of equine-specific type-II procollagen riboprobes have been described. 40 In brief, riboprobes were synthesised from a 201bp cDNA encoding exons 1 to 7 of equine type-IIB procollagen mRNA, corresponding to positions 138 to 339 of the available equine coding sequence (Genbank accession number U62528). Riboprobes for procollagen type I were generated from a 254bp cDNA encoding exons 1 to 2 of the NH 2 -propeptide region, corresponding to positions 1 to 254 of the equine coding sequence (Genbank accession number AF034691). Antisense and sense ( The tissue sections were covered with probe and incubat- ed overnight at 43°C in a moist chamber. After incubation, the coverslips were washed off in 2 ϫ sodium citrate/ sodium chloride (SSC), the slides were washed in 2 SSC/ 0.5% beta-mercaptoethanol at 50°C for 15 minutes, and in 0.5 ϫ SSC/0.5% beta-mercaptoethanol at 50°C for one hour. The slides were then treated with RNaseA (20 g/ml) in 0.5 M NaC1, 10 mM Tris, pH 7.5, and 5 mM EDTA at 37°C, and lastly washed in 2 ϫ SSC/50% formamide/0.5% beta-mercaptoethanol at 45°C for two hours. The sections were dehydrated through a graded series of alcohols containing 300 mM ammonium acetate, dried, and dipped in NTB2 emulsion (Eastman Kodak Co, Rochester, New York), and exposed for 14 days. The emulsion was developed, sections were counterstained with haematoxylin, and examined under light and darkfield microscopy. All sections were processed in the same batch. For type-II procollagen, cartilage from the femoral trochlear ridge of a juvenile horse served as a positive control tissue, and negative control tissues consisted of skin and superficial flexor tendon. The latter served as a positive control tissue section for type-I procollagen and cartilage from the femoral trochlear ridge was the negative control tissue. Senseprobe was applied to sections from each experimental group and control tissues as a control for non-specific background hybridisation.
Immunocytochemistry. Sections were treated with 5 g/ml of testicular hyaluronidase at 37°C for 60 minutes, and endogenous peroxidases were exhausted with hydrogen peroxide and methanol. Normal goat serum was applied for 30 minutes to block non-specific binding, and the sections were then incubated with polyclonal rat anti-bovine type-II collagen primary antibody (1:100) (courtesy of Dr Michael Cremer, Veterans Administration Hospital, Memphis, Tennessee) or rabbit anti-equine type-I collagen primary antibody. Secondary antibody (supersensitive multilink; BioGenex, San Ramone, California) was applied, followed by streptavidin-conjugated peroxidase label (BioGenex) to catalyse chromogen development in 3-amino-9-ethylcarbazol (AEC; Vector Laboratories Inc, Burlingame, California). Sections were counterstained with Harris haematoxylin, and examined by microscopy to determine the distribution of type-I and type-II collagen. Positive control samples for type-II collagen were derived from equine chondrocytes cultured in monolayer for three days, and negative controls consisted of tendon and skin sections. For type-I collagen, positive control samples consisted of equine tendon, and negative controls were chondrocytes cultured in monolayer for three days. Negative control reactions for each antibody were performed by substituting the primary antibody with non-immune serum applied to serial sections of each experimental tissue. DNA analysis. Total DNA was determined on duplicate 100 l aliquots of papain digests incubated for 24 hours at 65°C. The samples were mixed with bisbenzimide (Sigma) compound for DNA quantification by fluorometric assay. 48 Calf thymus DNA was used to prepare a standard curve.
Proteoglycan analysis
Total glycosaminoglycans. The total content of glycosaminoglycan in the papain-digested samples of cartilage was assayed by the dimethyl-methylene blue dye binding (DMMB) spectrophotometric assay. 49 Mixed-isomer shark chondroitin sulphate was used to construct the standard curve. Proteoglycan aggregation. Proteoglycans were extracted from 10 g of frozen, pulverised tissues at 4°C with 4M GuHCL in 0.05M sodium acetate buffer containing protease inhibitors (⑀-amino-n-caproic acid (0.1 M), benzamidine HCl (10 mM), pepstatin A (1 M) phenylmethylsulphonyl fluoride (10 mM), Na 2 EDTA (10 mM) (all from Sigma). Extracted proteoglycans were dialysed overnight in water and allowed to aggregate in the presence of exogenous hyaluronan (10% w/w) at 4°C. The resulting proteoglycans in water were lyophilised, resuspended in 60% sucrose loading buffer, and electrophoresed in large-pore composite agarose-polyacrylamide gels. 50, 51 Proteoglycan bands were visualised by staining with Toluidine Blue dye (0.2% (w/v) in 100 mM (v/v) acetic acid) for 20 minutes followed by destaining in 3% (v/v) acetic acid. The large pore construction of the agarose-polyacrylamide gels makes it possible to distinguish proteoglycan aggregates, which cannot enter the gel matrix, from dissociated glycosaminoglycans which can migrate within the gel matrix.
Collagen analyses
Total collagen quantification. As an estimate of total collagen, the content of hydroxyproline in the repair tissue and surrounding cartilage was assessed by rpHPLC. 52 In duplicate, 800 g of lyophilised sample were added to tared hydrolysis vials and hydrolysed in 6N HC1 at 110°C for 22 hours on a hydrolysis work station (Waters Division, Millipore Corp, Millford, Massachusetts). The hydrolysed samples were derivatised with phenylisothiocyanate and 1 g was analysed by rpHPLC on a 15 cm C-18 column (PICOTag, Waters Division, Millipore), eluted using a gradient of 6% to 31% acetonitrile in 140 mM sodium acetate with 0.05% triethylamine at pH 5.7. The column was maintained at 46°C, with a flow rate of 1 ml/min for the separation phase. I IGF-I for 16 hours. Precipitating complex (normal rabbit serum preprecipitated with goat anti-rabbit serum and polyethylene glycol) was added to each sample. The samples were centrifuged, and the amount of precipitated IGF-I was determined by gamma scintillation counting and comparison with a standard curve prepared from samples supplied by the manufacturer. Statistical analysis. With each animal serving as its own control, a two-tailed paired t-test was used to determine significant differences between IGF-I-treated and control repair tissue for gross appearance scores, histological scores from decalcified cartilage-bone sections and synovial tissue samples, mean g DNA/mg dry weight, mean g GAG/mg dry weight, mean pg hydroxyproline/g dry weight, and percent type-II collagen. To determine differences in mean g DNA/mg dry weight, mean g GAG/ mg dry weight, mean pg hydroxyproline/g dry weight, and percent type-II collagen between repair tissue (lesional), perilesional (1 cm from lesion), and remote (> 2 cm from lesion) sites within the IGF-I-treated or control grafted joint, a one-way analysis of variance (ANOVA) was performed. Tukey's post-hoc test was utilised for ANOVAs with significant F-tests. Statistical analyses for differences in cell count, total protein and hyaluronan content in synovial fluid between IGF-I-treated and control joints were performed by analysis of covariance with time as a covariate to account for expected postoperative changes. A p value of t 0.05 was considered to be significant.
Results
Morphology. Gross examination of the IGF-I-treated lesions showed that they were filled more completely with repair tissue, and integration into the surrounding cartilage was improved compared with control joints (Fig. 1) . The overall gross assessment score was significantly improved (lower) for IGF-I-treated lesions compared with the control defects (p = 0.030) with the largest influence arising from improved integration of the graft composite into the surrounding cartilage. There was no evidence of infiltration of inflammatory cells, lysis, or formation of cysts in the subchondral bone of IGF-I-treated or control joints. Histological examination of sections of synovial membrane revealed that IGF-I-treated joints had a significantly improved (lower) score than control joints, predominantly influenced by increased villus blunting in control compared with IGF-I-treated joints (p = 0.050). In control joints, there was moderate hyperplasia and blunting of villi and occasional foci of lymphoid hyperplasia in the synovium, indicative of chronic inflammation.
Subgross photomicrographs indicated that the addition of IGF-I to fibrin-chondrocyte composites improved the overall continuity and consistency of repair tissue formed in the 15 mm full-thickness defects, supporting the gross observations (Figs 2A and 2B) . In IGF-I-supplemented grafts, the repair tissue had less surface fibrillation, improved integration with surrounding cartilage and increased filling of the articular defect. The mean cartilage histological score in the IGF-I-treated joints was not significantly different from that of control joints, but Toluidine Blue matrix metachromasia was significantly improved in IGF-I-treated lesions (p = 0.030) (Figs 2C and 2D ). In the Toluidine Blue histological sections and all other types of histological examina- Photographs of the gross appearance of control (left) and IGF-I (right) grafted defects at eight months. The depth and surface area of repair tissue in the IGF-I-treated defect are greater and more consistent with normal surrounding articular cartilage than in the control defect, and the repair tissue in the IGF-I-treated defects is more congruous with the surrounding articular surface than in the control repair tissue.
tion performed, expression and synthesis of the various molecules examined were greatest in the deepest layers of the healing tissue and decreased in intensity toward the surface. Although not statistically significant, the cellularity and pattern of cell distribution in repair tissue facilitated by IGF-I supplementation appeared to be more organised and less like fibrous tissue than in control defects (Figs 3A and 3B). The difference in cellular organisation between IGF-Itreated and control defects was also apparent at the junction between repair and surrounding cartilage ( Figs 3C and 3D) . The integration of cell and matrix patterns between repair and surrounding cartilage in the IGF-I-treated joints was significantly improved (p = 0.050) compared with control joints, supporting the gross observations. Immunohistochemical and in situ hybridisation localisation of collagen types I and II was also evaluated by two investigators (LAF, AJN) who were unaware of the treatment grouping. Quantitative assessments were not evaluated statistically because of interanimal variation, but general trends emerged when comparing intra-animal IGF-I-treated with control repair tissue. Type-II collagen gene expression and type-II collagen immunolocalisation were greater in IGF-I-treated lesions of six horses and no differences were seen in two horses, compared with control joints (Fig. 4 ). There was a low level of type-I procollagen mRNA expression in the repair tissue of six horses, with an obvious difference in expression detected in four in which the IGF-I-treated defects were expressing less type-I procollagen than the control defects (Fig.  5 ). There was no detectable difference in the type-I procollagen in situ reaction in the repair tissue of the remaining two horses. Immunoreaction to collagen type I was present in the repair tissue of seven horses. In four positive for type-I collagen, synthesis was greater in the control defect compared with IGF-I-treated defects; no differences in type-I collagen immunoreaction could be detected in the remaining three horses. DNA content. There was significantly greater DNA content in the repair tissue in both joints compared with perilesion and remote cartilage (Fig. 6 ). There was no significant difference in the DNA content between IGF-Itreated and control joints in lesion, perilesion and remote cartilage.
Proteoglycan analysis
Total glycosaminoglycan content. There was significantly less glycosaminoglycan in the repair tissue of both the IGF-I-treated and control limbs than in perilesional or remote cartilage, which were not different from each other (Fig. 7) . There was no significant difference in the glycosaminoglycan content between IGF-I-treated and control limbs. Proteoglycan aggregation ability. Proteoglycans extracted from IGF-I-treated and control grafted defects were capable of forming large aggregates (Fig. 8) . composite gels stained with Toluidine Blue showed the ability of proteoglycans extracted from lesion, perilesion and remote cartilage from two different experimental horses, to form large aggregates. The large aggregates were incapable of entering the composite gel and remained at the very top of the gel because of their large size. Proteoglycans extracted from IGF-I and control grafted defect sites were all capable of forming large aggregates. Collagen analysis. Total hydroxyproline content, as an estimate of the total collagen content, was not significantly different in repair tissue, perilesion or remote cartilage in IGF-I-treated or control joints and there were no differences between IGF-I-treated and control joints (Table IV) . The percentage of type-II collagen, however, determined by CNBr-cleavage and SDS-PAGE analysis, in repair tissue of IGF-I-treated defects was significantly greater than that of type-II collagen in control defects (Fig. 9 ). There were no significant differences between perilesion or remote cartilage, and the percentage of type-II collagen in repair tissue from both limbs was significantly less than perilesion or remote cartilage. Synovial fluid analysis. Synovial fluid nucleated cell counts and total protein were increased after surgery, while the content of hyaluronan was decreased on day 4 and day 7, returning to preoperative values by day 21. There were no significant differences in nucleated cell count (p = 0.11), total protein (p = 0.77), or hyaluronan content (p = 0.81) between IGF-I-treated and control joints at any time period (days 0, 4, 7, 14, 21, 28 and 8 months). The amount of IGF-I in synovial fluid from IGF-I-treated joints increased at day 4, but no significant differences in the quantity of IGF-I were detected by RIA in the synovial fluid between IGF-Itreated and control joints at any time (Table V) .
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Discussion
This long-term study indicates that the addition of IGF-I to chondrocyte-fibrin biomatrix grafts enhances the quality of the repair tissue formed in large, full-thickness, cartilage defects. IGF-I was selected in preference to other growth factors based on previous studies which showed that IGF-I added to articular cartilage can stimulate co-ordinated synthesis of aggrecan, hyaluronan, link protein, and type-II collagen, inhibit degradation of proteoglycans, and maintain a net tissue balance of proteoglycans and the equilibrium modulus and electrokinetic coefficient of the tissue. 28, 31, 33, 34, [55] [56] [57] Further, IGF-I has been shown to protect partially and aid recovery of cartilage after matrix degradation by IL-1 and/or TNF-␣, suggesting a beneficial role for IGF-I in the healing of injured cartilage. 32, 41 Fibrin and chondrocytes without added IGF-I were chosen as the control graft material to isolate and test the added effects of IGF-I supplementation on cartilage repair in vivo. Previous studies performed using the same dimensioned defects in equine femoropatellar defects showed that the repair tissue formed was significantly improved in defects grafted with fibrin containing chondrocytes compared with spontaneous repair in empty defects. 44 An additional contributing factor to our choice of control in this study was the observation that improvements in articular repair were noted when the fibrin or collagen graft matrices also contained chondrocytes compared with fibrin or collagen matrices devoid of chondrocytes. 14,58 Although repeat arthroscopies or serial necropsies were not performed to ensure the continued presence of graft composites in the defects, there are several previous studies using the same model system as described in this report which provide information regarding the capacity for spontaneous repair in empty defects. 44, 59 These studies revealed that there is negligible spontaneous repair tissue formed in empty defects, and combined with results of the current experiment, confirm the improved quantity and quality of repair tissue in defects grafted with combinations of fibrin/chondrocyte/IGF-I. The postoperative synovial fluid parameters in this study were within the normal range for those following arthro- scopy in clinical patients. There was no severe synovial inflammation, or increased articular heat, pain or swelling which would indicate an adverse reaction to the graft composites in either the control or IGF-I-treated joints. Indeed, the eight-month histological score for the synovial membrane in the IGF-I-treated joints was significantly improved compared with that in control joints. This may reflect an IGF-I-induced protection of the synovial membrane from the postoperative inflammatory response recorded during the initial 28 days. White blood cell counts in synovial fluid from IGF-I-treated joints taken at days 4 and 7 were reduced, suggesting that there was some dampening of the degree of synovitis in these joints. Additionally, improved cover of the subchondral bone by new cartilage in IGF-supplemented defects may have decreased the general synovial reaction between the day-28 assay and harvest of tissues after eight months, thereby reducing the pathological scores for the synovial membrane.
Morphological markers of chondrogenesis, including metachromatic pericellular staining on Toluidine Blue histochemistry and collagen type-II predominance on in situ hybridisation and immunohistochemical studies, all supported a beneficial, matrix-enhancing effect of IGF-I. There was variation in the degree of response mounted by individual animals in the quality of repair tissue formed, but general patterns were evident. The most transcriptionally and translationally active cells were located in the deep layers of the defects. Cells in the middle zone were less active, and cells in the superficial layers were quiescent. It is unclear why there was such an obvious gradient in cellular responses but similar patterns are characteristic of most healing large defects in cartilage. Possible explanations include enhanced graft nutrition from the vascular supply of subchondral bone, a more prolific pool of cells in the deeper layers derived from mesenchymal cells of subchondral bone, and the negative influence of mechanical activity on the healing surface layers of the articular tissues. Type-II collagen message and protein were present in all histological specimens, with a preponderance of type-II in the IGF-I-treated joints from six of the eight animals. Type-I collagen messenger RNA, however, was also evident in sections from six horses, and type-I collagen was confirmed by immunohistochemistry in seven horses, indicating incomplete chondrogenesis in the repair tissue. In animals in which type-I collagen was detected, the IGF-I-grafted defects contained less type-I message expression and less type-I protein, compared with control grafted defects. In all instances, type-I collagen in situ hybridisation and immunoreaction were less intense than type-II collagen reactions. Cartilage defects treated with IGF-I were significantly better integrated (gross integration p = 0.030, histological integration p = 0.050) with the surrounding cartilage than Mean (±SEM) total DNA content in repair tissue, perilesion (1 cm from repair tissue) and remote (>2 cm from repair tissue) cartilage in IGF-Itreated and control joints from eight horses. Tukey's classification letters indicate significant differences between repair tissue, perilesion, and remote cartilage within control or IGF-I-treated groups. There were no significant differences between IGF-I treated and control groups. Mean (±SEM) total glycosaminoglycan (GAG) content in repair tissue, perilesion (1 cm from repair tissue) and remote (>2 cm from repair tissue) cartilage in IGF-I-treated and control joints from eight horses. Tukey's classification letters indicate significant differences between repair tissue, perilesion, and remote cartilage within control or IGF-I-treated groups. There were no significant differences between IGF-I treated and control groups. Toluidine-Blue-stained agarose-acrylamide composite gels following proteoglycan aggregation assay. The pattern of aggregation after gel electrophoresis was indistinguishable between proteoglycans extracted from lesion, perilesion and remote cartilage in both the IGF-I-treated and control joints.
in control defects. Improved continuity between repair tissue and host cartilage is important in providing a durable repair, since this interface is typically where defect tissue begins to deteriorate. 60, 61 This is particularly relevant given that these animals were actively exercised for the last six months of the study, and suggests that there is adequate cartilage resilience under normal loads. The biochemical data did not consistently support gross and histological observations. The percentage of type-II collagen, determined by CNBr-digestion and SDS-PAGE analysis, was significantly increased in IGF-I-treated defects compared with controls, consistent with type-II collagen immunohistochemistry and in situ hybridisation. There were no significant differences, however, in total GAG or DNA between IGF-I-treated and control-grafted defects in this study. The reasons for this discrepancy include localisation of cellular responses to the lower onethird to two-thirds of the repair tissue, which subsequently had a less significant impact when the entire depth of the tissue was considered for biochemical analysis, masking potentially significant differences. Microscopically, the tissue in the upper one-third appears fibrous, but type-I collagen is not being actively transcribed or translated according to our immunohistochemical and in situ hybridisation data. The cells of the upper layers are likely to express a distinct set of molecular markers which we have not investigated. Although the total PG content of repair tissue in both the IGF-I-treated and control grafted defects did not attain that of normal articular cartilage, the PG which was produced was capable of aggregation when examined on agarose-acrylamide composite gel electrophoresis. This suggests the presence of functional aggrecan, which would assist in the restoration of the normal biomechanical function of cartilage because of its impact on the compressive stiffness of articular cartilage. 62 Intra-articular administration of IGF-I is rarely described. To our knowledge there are only two other reports documenting the use of IGF-I in vivo. 15, 63 In one study, 2 g of IGF-I were injected intra-articularly, three times/ week for three weeks, using a canine model of osteoarthritis with transection of the anterior cruciate ligament. 63 While the intra-articular administration of 18 g of IGF-I over a three-week period did not aid in the repair of damaged cartilage, no deleterious side-effects were detected histologically or biochemically. The second study assessed histologically the use of IGF-I (50 ng/ml, total dose not reported) subsequent to the application of chondroitinase ABC in the repair of partial-thickness cartilage defects. 15 IGF-I administered topically or in fibrin clots improved the extent of the tissue cover in the cartilage defect, and the IGF-I/fibrin combination improved the cellularity of the repair tissue. In the study reported here, we used a higher concentration and presumably a more sustained exposure to IGF-I by the use of fibrin as a biological polymer from which 25 g of IGF-I could elute. In previous studies in vitro, IGF-I (25 g) incorporated into fibrin discs was found to elute into the culture medium at concentrations greater than 110 ng/ml for 22 days when chondrocytes were absent, 43 and at greater than 50 ng/ml for 14 days when chondrocytes were included in the culture. 39 In this study, there was no significant elevation in IGF-I in the synovial fluid measured by RIA on postoperative days 4, 7 and 14, compared with preoperative values. A strong trend (p = 0.10) towards a significant increase in IGF-I was found, however, in the synovial fluid from IGF-I-grafted joints on day 4. These RIA data suggest that most of the initial 25 g of IGF-I was either diluted excessively in the 50 to 100 ml volumes of synovial fluid contained in an Mean (±SEM) type-II collagen (%) in repair tissue of IGF-I-treated and control joints from eight horses. Tukey's classification letters indicate significant differences between repair tissue, perilesion, and remote cartilage within control or IGF-I treated groups. * indicates significant differences in type-II collagen between IGF-I-treated and control sites in repair tissue only. There were no significant differences in type-II collagen in perilesion or remote cartilage between IGF-I-treated and control joints. equine femoropatellar joint, sequestered within the fibrinchondrocyte composite and not available for assay in the synovial fluid, or rapidly eluted and redistributed before postoperative sampling of synovial fluid on day 4. Elution of IGF-I from fibrin-chondrocyte composites in vitro indicates that there is a consistent elution of IGF-I from fibrin over 14 to 21 days. 39, 43 Regardless, as the IGF-I was incorporated into the fibrin, it would have bathed the chondrocytes and bound to available IGF-I receptors. Additionally, IGF-I has autoinductive properties, peaking at 24 hours after exogenous exposure, further extending the IGF-I impact on chondrocyte function. 64 Fibrin polymers containing chondrocytes have previously been used as graft material in an equine model of full-thickness healing of a cartilage defect, with no apparent side-effects such as immunorejection due to transplantation of allogeneic chondrocytes or inflammatory responses resulting from the use of fibrin as a vehicle. 44 Studies in vitro suggest that IGF-I concentrations in fibrin as low as 50 ng/ml support the active metabolism of chondrocytes. 40 In addition, supplementing chondrocyte-fibrin cultures with 25 g of IGF-I stimulated the synthesis of large proteoglycans, DNA, and type-II collagen without inducing signs of IGF-I toxicity, or chondrocyte cloning and dedifferentiation. 39 The use of fibrin as a biomatrix for chondrocyte transplantation and elution of IGF-I has the added advantage of being arthroscopically applicable, thereby avoiding the morbidity associated with arthrotomy incisions. Fibrin, without added cells, implanted into osteochondral defects in rabbit knees alone or in combination with growth hormone, has not been considered by other investigators to be an acceptable graft material. 65 The authors concluded that fibrin did not allow cellular penetration and is therefore not suitable as a scaffold for enhanced repair of cartilage. The present study incorporated chondrocytes into the fibrin graft material, and given the relatively sedentary nature of articular chondrocytes, they were not expected to migrate great distances. We have not specifically investigated, however, the mobility of equine chondrocytes in fibrin preparations. These data suggest that IGF-I-supplemented to chondrocytefibrin articular grafts enhanced the gross appearance of healing cartilage lesions, improved integration with surrounding cartilage, and increased collagen type-II transcription and translation, compared with control grafts in which IGF-I was omitted. While these parameters were improved, type-I collagen was still present, and the total proteoglycan content remained below normal at eight months after operation, indicating incomplete chondrogenesis. The importance of these findings with respect to the functionality and durability of the repair tissue requires further long-term studies with more athletic exercise programmes.
